A B S T R A C T
INTRODUCTION
In humans, total gastrectomy (GX) may lead to deficiency syndromes. Among these is osteopenia [1] [2] [3] [4] , the pathophysiology of which is poorly understood. The loss of gastric acid, gastric reservoir function, the exclusion of The experiments described in this paper comply with the ' Bundesdeutsches Tierschutzgesetz ' (German Animal Protection Act) of 1986, and ' The Government Committee for Animal Experimentation '. Male SpragueDawley rats of the CD strain (Charles River, Wiga, Sulzfeld, Germany) were housed in Makrolon cages at a room temperature of 23p1 mC and 60 % relative humidity, under a 12-h light\12-h dark cycle. Free access to tap water and a standard laboratory rat diet (code no. 1321 ; Altromin, Lage, Germany) was allowed. The diet contained (dry matter) : crude protein (19 %), crude fat (4 %), utilizable carbohydrates (38 %), calcium (0.9 %), phosphorus (0.8 %) and magnesium (0.2 %) ; the content of vitamin D $ was 1200 i.u.\kg, of vitamin B "# 0.041 mg\ kg, and of folic acid 10 mg\kg. Phosphorus was supplied in the form of calcium-dihydrogen phosphate, which supplied part of the calcium, the remaining calcium being in the form of the carbonate ; magnesium was supplied as the oxide. The drinking water contained 64 mg\l calcium and 22 mg\l magnesium, but no phosphorus. After a 2-week acclimatization period food, but not water, was withheld for 18 h. Animals, with a body weight of approx. 280-300 g, were randomly allocated to the study groups defined below. Surgery was performed under diethyl ether anaesthesia.
Surgery
Longmire procedure (GXL ; nl10)
After a midline laparotomy, the stomach was excised together with a 1 mm cuff of oesophagus and a 4-5 mm cuff of duodenum. A free jejunal loop, supplied by two to three major jejunal vessels, was isolated by transection at about 2 cm and 5-6 cm distal to the ligament of Treitz, and the proximal end anastomosed end-to-end with the oesophagus in an antecolic and isoperistaltic position, using an invagination technique (A. Wojtyczka, unpublished work) guaranteeing a high survival rate. The operation was terminated by anastomosing the distal end of the jejunal loop to the duodenum, performing an endto-end jejuno-jejunostomy to restore the continuity, and then closing the abdomen. Using this technique resulted in minimal oesophageal inflammation and dilation cephalad to the anastomosis, and a less than 20 % mortality during the first month post operation.
Roux-en-Y procedure (GXR ; nl20)
Transection of the jejunum was carried out 2 cm distal to the ligament of Treitz, the proximal jejunal end anastomosed end-to-side to the main jejunum 5-6 cm downstream, and the distal jejunal end anastomosed to the oesophagus as described above.
Mock surgery (SHAM ; nl20)
After laparotomy the stomach was exposed, and the proximal jejunum was transected and the cut ends anastomosed together. To imitate the non-specific stress encountered with the longer duration of gastrectomies (see above), the abdomen closure was delayed for 75 min.
All operated animals had free access to water, but standard chow was not proffered until 48-h post operation. Half of the rats in each of the two GX groups received cobalamin injections (Cytobion 1000, Merck, Darmstadt, Germany), 2150 µg per rat, commencing in the second week after surgery and repeated every second week ; the remaining GXL and GXR as well as the SHAM rats received saline vehicle injections. The postoperative observation period was 116p3 days.
Other procedures
Twenty and 10 days before killing, the animals were labelled by intramuscular injection of 925 kBq of %&Ca (Amersham, Braunschweig, Germany) in 0.4 ml of saline, to identify the movements of calcium. Nine and 4 days before the end of the trial, calcein (20 mg\kg body weight) was injected intraperitoneally. During the last week the intake of food and water was recorded, and faeces and paraffin-covered urine were collected over two consecutive 24-h periods from the animals housed in plastic metabolic cages. The volume and pH of the urine were immediately measured and the urine was then acidified to pH 2.0 by adding 6 M HCl (to prevent calcium precipitation) ; aliquots were stored at k20 mC until analysed. Wet and dried (100 mC for 24 h) faeces were weighed, the latter incinerated (800 mC for 12 h), reweighed and dissolved in 10 ml of 6 M HCl for analysis of minerals.
On termination of the experiments the rats were fasted for 18 h, anaesthetized (see above), laparotomized and exsanguinated from the abdominal aorta. Blood gases and haematological parameters were immediately measured, and serum and plasma samples prepared for analysis of additional variables.
Bones (right femur, right tibia) were excised, freed of adherent tissue and defatted in ethanol at 4 mC for 48 h. The dried (100 mC for 24 h) femur was weighed and incinerated (800 mC for 24 h), and the ash reweighed and dissolved in 10 ml of 6 M HCl for analysis of minerals. The tibia was further processed for histomorphometry and determination of several static parameters [19] .
Analyses
Haematocrit, haemoglobin and erythrocyte count were obtained using the Blood Analyser K 1000 (Sysmix, Hamburg, Germany), and blood gases using the pH\ Blood Gas Analyzer 1306 (Instrumentation Laboratory, Milan, Italy). Commercial kits were used for radioimmunoassay of serum cobalamin and folic acid (IBL, Hamburg, Germany), calcitonin, bioactive rat parathyroid hormone (PTH), 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D (all from Nichols Institute, Bad Nauheim, Germany). In serum we also measured glucose (enzymically, by Glucose Analyzer, Beckman, Palo Alto, U.S.A.), α-amino nitrogen (by colorimetry, using glycine as standard), free fatty acids (enzymically, by kit, Merck, Darmstadt, Germany), total protein (refractometry), phosphorus (also in urine and bone ash ; colorimetry) and alkaline phosphatase (colorimetry). Calcium in serum, faeces, urine and bone ash was determined by atomic absorption spectrophotometry (FL-6, Zeiss, Oberkochen, Germany), as was bone ash magnesium. Other analytes were urinary hydroxyproline (by colorimetry, after prior extraction), in a limited number of samples the bone collagen crosslinks pyridinium and deoxypyridinium (by HPLC, after extraction, using the reagents distributed by Immunodiagnostik, Bensheim, Germany), and urinary cAMP (by protein-binding in-house radioassay, intra-and inter-assay coefficients of variation 15 %). %&Ca was counted in a liquid scintillation spectrophotometer (Betaszint, Berthold, Munich, Germany). Several of the analytical techniques, including more details on sample processing, specificity and precision of determination, have been described previously [19, 27, 28] .
The femur volume and mean specific density were determined according to Archimedes ' principle. The mineral content of the femur was measured by computerized X-ray tomography (for details see [28] ) and expressed as equivalents of hydroxyapatite. The bone breaking force was expressed as the energy applied perpendicular to the femoral mid-diaphysis (Pendelschlagwerk 5102, Zwick, Ulm, Germany).
Calculations and statistics
The ratio of the body weight gain post operation and the mean daily food intake during the period in the metabolism cage was taken as a measure of food efficiency. For the same period, intestinal calcium secretion was assessed as the mean daily %&Ca faecal excretion divided by the mean %&Ca specific activity in urine. Bone dry weight and minerals were factorized for bone volume, as were substances in urine for urinary creatinine. One-way analysis of variance was applied to the untreated (kB12) SHAM, GXL and GXR rats ; where the F-value was found to be significant, the experimental groups were compared with the SHAM group using the test for leastsquare differences, and P 0.05. Untreated (kB12) GXL and GXR rats were compared with their treated (jB12) counterparts using the t-or U-test for unpaired observations, as appropriate. Because post-GX urinary phosphorus excretion was markedly elevated, and as phosphorus deficiency has been shown to cause osteopathy [29, 30] , urinary phosphorus was correlated with a series of independent variables, using bi-and multivariate regression analysis (software STATISTICA, Statsoft, Tulsa, OK, U.S.A.).
RESULTS
In each of the next three sections the results are given in the following order : effects of GX in untreated (kB "# ) GXL and GXR rats, i.e. in comparison with SHAM rats ; thereafter the effects of cobalamin treatment (jB
General state of GXL and GXR animals, and blood levels of cobalamin (Table 1) GXL and GXR surgery was followed by a significant increase in food intake and wet weight of faeces, but a decrease in food efficiency and final body weight. The fasting serum levels of glucose, free fatty acids and α-amino nitrogen were normal, indicating normal metabolism of the major calorie carriers (results not shown) ; the associated serum levels of gastrin, calcitonin and total protein were decreased, the degree of reduction being comparable for GXL and GXR. Serum creatinine remained normal in all groups. The blood pH was lowered in GXL but not GXR animals, while urinary pH was markedly decreased in both groups. There was a dramatic reduction in the mean serum B "# levels to 6 (GXL) and 
47 (1) 41 (2) 45 (1) 36 (2) 12 % (GXR) of control values. The levels of folic acid were also significantly reduced in both GX groups. The erythrocyte count remained statistically unchanged, while the low haemoglobin and haematocrit values signal the presence of microcytic anaemia, and in this respect the GXR procedure had a more pronounced negative effect. The effects of B "# treatment were as follows : in both GXL and GXR rats the blood levels of B "# and folic acid were substantially raised compared with the levels found in the untreated animals. Although within the normal range, the mean B "# levels in the B12-treated GX rats were sub-optimal relative to those of SHAM rats. In the GXL rats, B "# treatment significantly improved food efficiency, weight gain and calcitonin, but not in the GXR rats in whom, however, improvements in haemoglobin, erythrocyte count and haematocrit were seen. In this latter group the blood pH was decreased compared with the untreated animals.
State of minerals and hormones in faeces, serum and urine (Table 2)
In GXL and GXR rats there was increased faecal calcium associated with high intestinal secretion of calcium (for comparison, intestinal calcium secretion in humans averages 7 % in infants and 14 % in women [31, 32] ). The contribution of secreted calcium to the excess of calcium in faeces is approx. 50 % (GXL and GXR), the rest readily being accounted for by an increased dietary intake (8 mg in GXL, 5 mg in GXR). Also, in GXL, the mean total alkaline phosphatase serum level was higher than normal, but was significantly increased in GXR. In both GX groups the mean serum levels of 25-hydroxyvitamin D were low. Total serum calcium was unchanged, but showed a trend towards higher values in both GXL and GXR. Serum PTH was always within the normal range ; in GX rats, levels of the hormone tended to be low, not high. In contrast, in comparison with SHAM, the serum 1,25(OH) # D levels were greatly increased (GXL by factor 6, GXR by factor 5 ; for the associated serum and urinary phosphorus levels see below).
The mean urinary calcium excretion was low (GXL and GXR), but the difference compared with SHAM rats did not reach significance. Urinary cAMP excretion, in general paralleling parathyroid gland activity, was only insignificantly higher than in the SHAM rats. In contrast, urinary phosphorus excretion was drastically increased (GXL, GXR), and the mean serum phosphorus concentrations were also higher than in SHAM rats. Urinary hydroxyproline was insignificantly lower after GX, and so were the bone collagen crosslinks. The mean values of the latter in the untreated rats were as follows : Postgastrectomy osteopathy and vitamin B 12 
pyridinium\creatinine ratios (nmol\mmol) in 4 to 5 rats per group -56 (SHAM), 48 (GXL), 51 (GXR) ; deoxypyridinium\creatinine -46 (SHAM), 37 (GXL), 43 (GXR). B
"# treatment evoked a decrease in faecal calcium excretion (GXL, GXR) and serum phosphorus concentration (GXL), but some increase in serum PTH (GXR). B "# treatment also evoked a significant decrease in urinary calcium, and led to insignificantly lower hydroxyproline, but did not affect urinary crosslinks (results not shown). Except for a slight tendency to higher bone ash weight and ash magnesium, B "# treatment also failed to change bone parameters.
State of bone (Tables 2 and 3)
Compared with SHAM rats the GXL and GXR animals showed a decreased mean bone density, as a result of the underlying higher bone volume and lower bone dry weight (Table 2 ). These parameters were accompanied by decreased bone ash calcium, phosphorus and magnesium content ; ash calcium corresponded well with the hydroxyapatite equivalent of the isolated femur ( Table  2 ). The fracturing energy was statistically unchanged. The mean urinary hydroxyproline excretion, an established marker of bone resorption, was lower in GXL and GXR than in SHAM rats ; this finding precludes the possibility that increased bone resorption -as in secondary hyperparathyroidism -was a key change resulting in abnormal bone (see also below).
In view of previous, detailed data [19] , bone histomorphometry was obtained from only three animals each of the untreated and B "# -treated GXL, GXR and SHAM rats (Table 3 ). There was an impressive reduction in bone area relative to the whole tissue area, bone perimeter per tissue area, and of the parameters derived from the measurements of trabeculae. Obviously, in one sample each of the GXL and GXR groups the tissue section was obtained from an almost trabecular-free region, but in the remaining samples the ratio bone area\whole tissue area was far below that seen in the SHAM rats. B "# treatment had no effect on the physical and chemical quality (Table 2) , or histomorphometry (Table  3 ) of bone.
Interrelationships of urinary phosphorus and independent variables (Table 4)
The most striking abnormalities found in the GXL and GXR rats were the low B "# blood levels, high urinary phosphorus excretion, high serum 1,25(OH) # D, and the low bone mineral content, while normal serum calcium and PTH values excluded the presence of secondary hyperparathyroidism [5, 20, [33] [34] [35] [36] . The possibility of overlooking the latter was further minimized by regression analyses. There were highly significant positive correlations of urinary phosphorus with urinary cAMP and serum 1,25(OH) # D, and significant negative correlations with serum B "# , folic acid and gastrin, bone minerals (chemically measured) and bone hydroxyapatite (X-ray measurement) ; serum PTH and calcitonin, inhibitors of renal tubular phosphorus reabsorption, did not significantly correlate with urinary phosphorus (Table 4 , left panel). On stepwise inclusion of selected variables in multivariate regression analysis, urinary cAMP, bone calcium and serum gastrin were identified as significant predictors of urinary phosphorus, while the contribution of PTH, 1,25(OH) # D and calcitonin was weak (Table 4 , right panel). Together, the six variables account for approx. 55 % of the total variation of urinary phosphorus, indicating the existence of additional, as yet unknown, factors.
DISCUSSION

Gastrectomy, B 12 and general status
The GX rats of the present study have decreased body weight and food efficiency, whether the duodenum is bypassed (GXR) or not (GXL). A number of causes for their reduced nutritional state have been discussed elsewhere [6, 7, 9, 11, 37] . Interestingly, the base metabolic rate after GX is normal [37] , which is in line with the normal levels of fasting glucose, free fatty acids and α-amino nitrogen in the present study. In earlier studies [38] using end-to-end oesophago-jejunostomy the postoperative weight gain of GXR rats was much lower than in GXL. Using invagination, this difference no longer exists. Thus the duodenal passage of food may be less essential for the nutritional state of GX than previously assumed [38, 39] . Ongoing work indicates that the degree of surgery-induced inflammation of the oesophagojejunostomy differs between GXL and GXR, suggesting that local changes in tissue morphology give rise to factors that may play a systemic role.
Vitamin B "# serum levels of 200-900 pg\ml are normal in both humans and the rat ; values less than 140 pg\ml indicate significant B12 deficiency [40] . GX removes the intrinsic factor and causes ileal malabsorption of vitamin B "# ; in humans, the lag time for the onset of B "# deficit is up to 6 years, due to the large reserves of the body [41] . The GX rats of the present study developed serious deficiency of B "# and folate within 16 weeks post operation, but contrary to humans, megaloblastic anaemia was absent. GXR rats rather had microcytic anaemia, and B "# treatment increased both the number and haemoglobin content of erythrocytes. This obvious discrepancy between GXL and GXR may be explained by the exclusion of the duodenum from the food passage with subsequent malabsorption of iron. In this respect the Longmire reconstruction appears superior to Roux-Y. The positive effect of B "# on food efficiency and body weight of GXL rats remains unexplained.
GX osteopenia and calcium
In both GXL and GXR rats a comparable reduction of bone density, ash weight and mineral content was found.
Dynamic bone histomorphometry in B
"# -deficient GXL rats demonstrated high-turnover osteopenia, with increased mineral apposition rate and decreased osteoid maturation time, but no signs of secondary hyperparathyroidism [19] . The extra-osseous changes found in the B "# -deficient GXL and GXR rats in the present study confirm these findings : in the serum unchanged PTH and calcium, massively elevated 1,25(OH) # D and decreased 25-hydroxyvitamin D, as well as hyperphosphaturia.
The histomorphometric data of the present study underscore that the decrease in bone mass is not due to general thinning of trabeculae, but rather to the complete loss of functional units [19] . Again, no difference is seen between GXL and GXR. Some PTH-independent increase of bone turnover may be present in GXL and GXR rats, based on higher serum total alkaline phosphatase. However, the contribution by the bone isoenzyme -a product of osteoblasts -to the high enzyme activity is questionable in view of the low urinary excretion of hydroxyproline and crosslinks, findings not commensurate with increased bone turnover.
The difference of bone hydroxyapatite between GXL and GXR remains unexplained since there is no equivalent difference in bone calcium as determined by the direct and precise chemical method ( Table 2 ). The bone hydroxyapatite may therefore not be sufficiently sensitive in the determination of post-GX bone mineral density in the rat. The energy required to break the bones of GXL and GXR rats is normal, indicating that ' bone strength ' is not only determined by the integrity of bone mineral but also of non-mineralized tissue, which was not studied (see also below). The degree of bone loss is almost equal in GXL and GXR, although the two surgical procedures differ with respect to the duodenum, which has a high absorption capacity for calcium. Consequently, in the GXR rats, in whom the duodenum is bypassed, preservation of extracellular calcium homoeostasis may have been achieved via small intestinal adaptation. GX rats may therefore not suffer from calcium deficiency, and may not need to stress the intestinal absorptive reserves for calcium [42] . This assumption is supported by the failure of enteral and parenteral administration of calcium to prevent GX osteopenia ( [42, 43] ; T. Koch, M. Schreiber and P. O. Schwille, unpublished work), and by the fact that the increase in faecal calcium in GXL and GXR rats in the present study can be attributed equally to increased intestinal calcium secretion and to increased dietary calcium intake. Thus, the two reconstruction procedures appear similar with respect to intestinal calcium handling.
GX osteopenia and non-calcium factors
B "# deficiency may be a risk factor for osteoporosis as well as skeletal fractures in patients with pernicious anaemia [16, 17] , and B "# therapy has been recommended as a stimulus for osteoblastic function [14, 15] . However, apart from one successfully treated patient [18] , no clinical studies have been published on the effectiveness of B "# treatment, in particular in the context of post-GX osteopenia. In some studies in GX animals, B "# was supplemented, but the blood levels of B "# as well as effects on bone and mineral metabolism were not evaluated [42, 43] .
In the present GX models, there is no significant beneficial effect of B "# therapy on bone and mineral metabolism, in terms of serum alkaline phosphatase, urinary hydroxyproline and crosslinks, histomorphometry, density and the fracturing energy of bone. GX osteopathy as observed 4 months post operation is not therefore due to vitamin B "# deficiency. Low post-GX gastrinaemia results from removal of the major G-cell sites (antrum, proximal duodenum), while low serum calcitonin remains unexplained, since our own independent experiments failed to demonstrate a positive feedback of gastrin and calcitonin in the rat [44] . Low serum 25-hydroxyvitamin D was often attributed to intestinal malabsorption of vitamin D. However, recent work incriminates increased biliary excretion of 25-hydroxyvitamin D as the underlying mechanism, resulting from interaction of high concentrations of circulating 1,25(OH) # D with its hepatic receptors [35] . Inorganic phosphate is an integral component of bone mineral, and it also affects the production of bone matrix [45] . The extreme hyperphosphaturia, common to both GXL and GXR and resistant to B "# treatment, may signal that post-GX osteopenia is a phosphorus rather than a calcium problem. Increase of urinary cAMP, due to changes in hormones capable of stimulating phosphorus excretion, can be ruled out as a causal factor [PTH is unchanged, calcitonin is decreased] ; therefore, cAMP filtered by glomeruli rather than renal adenylate cyclase stimulation should underlie the high urinary cAMP (see also below). Numerous factors can modify phosphaturia in the presence or absence of PTH [46] . Hence, subdiaphragmatic vagotomy in the rat is followed by altered renal handling of water and electrolytes [47] , and renal denervation causes a decrease in tubular phosphate reabsorption ( [48] ; A. Mayer, B. Berge! and P. O. Schwille, unpublished work)]. In our GX rats the subdiaphragmatic vagal trunks were cut, so that vagal afferent signals to the central nervous system and the relaying process to peripheral organs, including the kidney, are likely to have been altered. Ongoing studies of our own indicate that both injuries to the gastric vagus (Latarjet's nerve) or sub-diaphragmatic truncal vagotomy elicit hyperphosphaturia ; in the latter case, there was also a rise in urinary cAMP. Chronic hyperphosphaturia may activate the 1α-hydroxylase and subsequently raise the blood levels of 1,25(OH) # D. Phosphorus depletioninduced osteopathy has been reported [49] , and high 1,25(OH) # D itself can diminish bone calcium via stimulation of bone resorption [50] , thereby attenuating parathyroid gland activity. This would also explain why, in contrast to bone calcium, 1,25(OH) # D is only insignificantly related to urinary phosphorus. Another possible cause of GX hyperphosphaturia may be that, in the absence of gastric acid production, protons from nutrients cannot be neutralized intra-intestinally, and need to be eliminated by alternative pathways. One of these may be proton buffering by bone, at the expense of bone mineral ; another may be the urine. In fact, urinary pH is low and phosphorus reabsorption declines with decreasing pH [51] . The correlations further support the idea of interrelations between GX, acid-base homoeostasis and bone minerals, because the latter, especially calcium, are inversely and significantly associated with urinary phosphorus.
The hypocalciuria of GX rats was accentuated by B "# treatment. However, the role of urinary excretion in the calcium balance of the rat is minimal, and so this effect of B 
